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I. INTRODUCTION

This report deals with the problem of optimizing the packaging for
artillery shells to provide protection against influence initiation in
the metal jetting environment produced by shell casing impacts. The
initiation of a shell stored or transported with other shells produces
high speed.casing fragments that on impact with nearby shells can cause
shocks, penetration, and/or fracture resulting in the initiation of the

a explosive fill in the neighboring shells. In addition, the detonation of
two adjoining shells can, as their casings impact, produce significant
metal jetting. In the case of 155 mm artillery shells this metal jet can
cut through as much as 15 cm of steel. As such, this latter mechanism
represents the most severe fratricide environment constraining shield
design. Neighboring shells can be protected from this jet of'material by
inserting layers of material to intercept and disrupt the metal jet. The
insertion of material, however, greatly increases the total amount of material
required for the safe packaging of munitions. It becomes important, there-
fore, to develop a model of the shield interaction with such shell casing
jets to facilitate the development of optimum packaging designs capable of
inhibiting influence initiation of shells in this severe environment.

The design of an optimum packaging involves variation of numerous para-
"meters such as number, thickness, composition, and placement of the shield
materials. Extensive experimental work has been carried out to determine
good potential designs1 •. Still, determination of an optimum design requires
the development of a mathematical model to minimize the total number of

* -experimental tests necessary for the development of the influence suppression
configuration. The purpose of the present report is to provide a model of
the antifratricide shield panels subjected to the most severe environment,
jets produced by simultaneously detonating neighboring rounds. A subsequent

* report will deal with the problem of shock attenuation by panels separating
neighboring rounds,

Hiowe, P.M., "The Phenomenology of Interround Communication and Techniques

For Prevention," ARBRL-TR-02048 (1978) (ADbA054373).
2 Howe, P.M., Collis, D., "Effectiveness of Plastic Shields in Prevention of
"P"ropagation of Reaction Between Compartmentalized Warheads," ARBRL-MR-02827
(1978) (AD#B027466L).

-.. 3Howe, P.M., "The Response of Munitions to Impact," ARBRL-TR-02169 (1979)
(AD#B04023O).

4.Cibbons, Jr., Gould, "Multiple Round F'ragmentation Hazards and Shielding,"
.'RBRL-TH-02329 (1981).(AD #9S0793L)
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II. DESCRIPTION OF THE ARTILLERY SHELL METAL JET

The mechanism causing influence initiation of concern in the present
report is the jetting of metal due to the impact of shell casing material.
from two neighboring shells initiated at approximately the same time. An
example of the formation of a jet resulting from the simultaneous detonation
of two Comp B filled steel pipe bombs (15,2 cm long, 4.83 cm diameter, 3.2
mm thick wall) is seen in the end-on flash X-ray photograph, Fig. 1. The
details of the jets formed by this mechanism vary considerably from shot to
shot (largely because the pipe bombs are not precision items). Typically,
the jets travel at about 2 km/s with the lowest velocity material effective
in penetrating metal plates traveling at about 0.5 km/s. Material in the
jet is confined'to a fan of material about 0.1 radian in angular width,

The design of an optimum suppressive structure requires that this type
of jet be either interrupted, dissipated or inhibited. We describe below
the model used to calculate the effect of jet collision with elements of
the suppressive structure.

III. ARTILLERY SHELL INFLUENCE INITIATION EFFECTS

Impact of explosively accelerated metal on artillery shells can produce
influence initiation by any of the following mechanisms:

(1) Shock loading of the explosive arising from metal on metal impact
loading to the incidence of a strong shock propagating into the explosive.

(2) Adiabatic compression or plastic flow heating of the explosive (or
entrapped gas) due to compressive deformation of the impacted shell or
to fragment penetration.

(3) Plastic flow heating of explosive injected into shell fissures
formed by metal on metal impact.

(4) Direct exposure of the explosive fill to hot fragments in the explo-
sive environment due to shell wall failure or penetration.

These mechanisms entail different quantitative criteria to determine if
initiation will be produced in a given test situation. These include:

(1) The time integral of the shock pressure p squared, 1 2dt. This
quantity can be compared with critical values for different explosives.

(2) The maximum pressure to which the explosive is subjected during
shock loading, pmax' and the rate of loading dp/dt of the explosive or
entrapped gas.

(3) A shell deformation characteristic measure 6,

A yP- a dt dt

8



Figure 1. Flash X-ray photograph of two Comp, B filled steel pipe bombs
from end..on view. The pipe bombs are 15.2 cm long, 4.83 cm in
diameter with 3.2 mmn thick walls and separated by a distance of
6.35 mm. Thc flash X-ray was taken 50.1 s after dotonation of

.4
the rounds, The vertical. stripe in the X-ray photograph is
caused by the metal jet, which of course, is traveling with a

Si velocity gradient.
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where a is the effective strength of the shell wall material (taking
account of moment arm effects in the loading), and p is the density of
the material.

(4) Depth of penetration of impacting fragments or jets into the
casing of the artillery shell.

In the present report we will only be concerned with the last of these, the
penetration depth into the wall, as from the experimental data it appears that
this is the most critical measure in determining whether or not metal jetting
will lead to HE initiation.

- -IV. DESCRIPTION OF THE INFLUENCE SUPPRESSIVE STRUCTURE PARAMETERS FOR

THE ARTILLERY SHELL PACKAGING AND STORAGE SHIELDS

Exptrimental tests 3 ' 4 have demonstrated that the use of multiple sheets
of material (perpendicular to the line joining the center of the detonated
or donor shell and the protected or acceptor shell) proves to be effective
in suppressing influence initiation. Plaster, containing water of hydration,
has appeared to be a particularly good material for use in these experiments. 4

In addition the use of explosive material sandwiched between layers of inert
material may prove to be a good material to shield artillery shells from
metal jets. As such, a typical shield design may have as many as six layers,
each of which must be designed to be of optimum thickness and placement.
Figure 2 shows the general configuration to be treated in the present paper.
Since plaster contains water of hydration, there is the possibility for it
to behave as an active material in these structures. The high velocity
impact of metal from an exploding shell gives rise to shocks in the plaster,
producing shock heating of the material. This heating can liberate water
from the gypsum in the form of steam, driving the material as though it
had exploded.

In the following treatment of the suppressive structure, Fig, 2 will
be used as the basis for the physical configuration to be treated by the
model. For the most part, materials, dimensions, etc. will be represented
paranetrically. Subsequently the model will be exercised to determine those
characteristics yielding the best results under various constraints (such as

d total weight or volume).

1
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DONOR ROUNDS

H E H E

JET

INERT,
INERT QUASIACTIVE

___OR ACTIVE

HE
+

ACCEPTOR ROUND

Figure 2. General configuration of shields treated in the present paper.
The donor shells are assumed placed in the worst case position
relative to the acceptor shell. Two shields each of up to
three layers of any thickness are assumed placed at any position
between the donor and acceptor shells. The middle layer of each
shield is assumed to consist of an inert material, a semiactive
material such as plaster with water of hydration, or an explosive
material.
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V. SHOCK ACTIVATION AND JET PENETRATION OF
HYDRATED OR EXPLOSIVE SOLIDS

Use of gypsum in the forw of plaster panels has yielded some experimental
data4 , suggesting that under shock loading the material responds in an
explosive manner. Sufficiently strong shock, can give rise to the heating of
the grandilar solid material comprising these panels. The heat acts to
calcine the plaster giving rise to a high temperature steam under elevated
pressures. As a result some of the original shock energy can be dissipated
in the plaster. The subsequent explosive expansion of the plaster, however,
may give rise to shocks in neighboring materials. Shocks propagating through
water, however, have not exhibited any increased ability to attenuate shocks
from donor rounds. Thus, there may exist an effect due to shock induced
calcination that involves the "solid residuum" serving as the source of
the heat available for the generation of the steam.

Let us assume that we have a completely inelastic collision between a

plate of areal density a, (volumetric density pl) traveling at an initial

velocity v1 and a stationary plaster plate of areal density a2 (volumetric

density p2) containing a fraction g of moisture as shown in Fig. 3. After

the collision the velocity (of the center of mass) is v2 . The energy

absorbed per unit area E is given by

E P2 /a P 2/( ao) Ai2 2 1 2E = ½• [Pl/0l - 2 (o1 0)(1

where

P1 =alVl (2)

and

P ('1 ' a2 )v 2  (3)

The specific energy e2' per unit mass in the second (plaster) plate before

expansion is

C2 = E/0 2  (4)

This energy gives rise to the heating of the "solid residuum" of specific
heat C v (which for plaster has a value of 0.210 cal/g°C), and the water

of specific heat C (=0.48 cal/g*K) that is liberated as the gypsum is

2
heated. The heat of liberation is represented by hf. For gypsum, hf is

58.1 cal/g; for water, 79.7 cal/g. We obtain

G2 = (1 - g)Cv AT + C AT + ghf (5)

12



T II V.'•"

PI." -

0-0 PI

Figure 3. Schematic of an inelastic collision between an inert plate, A,
traveling with velocity vl'impacting on a plate containing water

(for example, a plaster panel containing water of hydration) con-
tent, B. The resultant combination of plates, C, travels away
with a velocity v2 , the kinetic energy absorbed by the inelastic
collision being converted to heat with the evolution of steam.

13



(This expression represents the unexpanded condition of the heated plhster
so that the heat of vaporization does not occur here.) where AT = T - Tip Ti

being the initial temperature of the plaster and T the temperature to which
an amount e, of energy heats the plaster. Of this, an energy (specific)

CHO will be available as the explosively released energy of the steam. Where
gCV•oT is the energy that goes into heating the liberated water, the

H'0

available energy is

EH2 0 =gCv ATn (6)

where n is the work efficiency. We will use for n the ideal thermodynamic
efficiency (for a Carnot cycle) although the actual efficiency is lower. The
ideal efficiency is

T -Ti (7)

T

M1iere T is high, Eq. (8) serves as a good approximation. Thus, we can write

"2C >/n [a1 v[ - (a1 + a,,)v2]/a. - 2[(l - g)Cv AT + ghf] (8)

or substituting for .T from Eq. (6) and solving for , 20 we have
& ~ C vU nO -v (a1  a2)2) - Cvh (9C

- + 2 [l+ (l -g S 9"2 111" aH 7 g O-
H'O

The quantity 2c can be used as the energy constant in the Gurney equation
HO

in order to calculate the subsequent expansion of the plaster plate as it
drives adjoining plates. It should be noted that the assumption of complete
inelastic collision leads to Eq. (5) giving the energy available for
calcination of the gypsum. In the case where a given shock propagates into a
panel, it is necessary to determine the rate at which shock energy is
converted to heat which will be a function of (1 - g). The value for dry
gypsum (water of hydration) is 0.209. Measurements by Gould Gibbons, Jr.
(TBD - EEB) yielded a value of 0.290 for wet plaster as tested.

Let us now consider what occurs when a high velocity jet of material
impacts a material such as plaster which explosively releases energy. Figure
-4 shows the flow of jet material and target material in the coordinate system
moving with the stagnation point in a target under steady state flow
conditions. Letting v% be the velocity of the .et and V5 the velocity of
the stagnation point, in the frame of reference moving with the stagnation
point, the Jet approaches the stagnation point S with a velocity v - Vs while

the target material approaches with a velocity V5. To maintain steady state
s

14



SHOCK
SURFACE - --

-- STAGNATION
_ _POINT

j- - - V3-

- PP

Figure 4. Schematic of a jet interaction with a target material under
conditions of hypervelocity flow. Velocity vectors give
velocities with respect to a coordinate system moving to the
right with the stagnation velocity Vs.
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flow, the forces acting on the stagnation point must be balanced. Therefore, we
can write, noting that the shocked plaster gives rise to a pressure PH201

2 2
110i (vi - Vs)2 - hOi + PH20 (10)

We note that PH0 is simply equal to the energy density of the steam, EH0,

as given by Eq. (9). By reference to Fig. 3 and recognizing that in jet
penetration to an incremental depth dP an incremental length of penetrator

dL impacts with the target and is consumed, we see that the quantities a1

and o of Eq. (9) take the values

an -+ dLpj (11)

and

a - dPp (12)

Where

v1 *Vj (13)

we have

11 v (Ca1 + a2 )v 2  
(14)

or
a2 dPPtv2 V j(1 + a V v(1 + • (15)

j

Therefore, we have the integral expression for P

P _f 
(16-/ L qpl'(]+ _ (6

where 0

0 a - /pp (17)

2pH2/PpV 2 (18)

and

H20  p 20 (19)

16
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Where p and a are constant, we can write (16) as

P - L47/(1 7+ a). (20)

Substituting from (13) and (14) into (9) gives

H0 nk [v 2 +2 2 ghfl (21)

where (1 -g)C

k [1 + . (2d)
gCv
HO0
2

Defining

£ f o1/02 - dp (23)

we can write (21) as
2 .2 + f- I1

E ½ ik[v( -4- - 2ghf], (24)H 20 j± + f

Substituting (24) into (19) and then into (18) gives
tk [v 2cf + f 1

0{ v +f 1 f 1 (25)

0 if nk[v2  f L+ 1) < 0

where v * v /V and

2 2 (26)* 2 ghf/Vs.

If we take the effects of the steam evolution to be small then

f P .- (27)TP /pL -ý/5 C7

With this value as an approximation, Eq. (25) can be solved iteratively
allowing the integration of Eq. (16). It may be seen that Eqs. (20) and
(28) abridge the usual penetration density law for hypervelocity target
penetration, giving rise to a term that increases the effectie density of
the target material. Thus, in the case of impact activated materials the
usual hypervelocity penetration density law differs from that appropriate for
inert materials.

1.7
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VI. DESIGN OPTIMIZATION FORMULATION FOR INFLUENCE ATTENUATION
PANELS TO SUPPRESS SHELL - SHELL IMPACT JET INDUCED INITIATION

Assume a jet formed by the impact of two simultaneously initiated shells,
as shown in Fig. 1, attacks an influence suppression structure of the kind
shown in Fig. 2. Figure 5 illustrates the specific jet and suppressive
structure concerned together with parameters representing the important
dimensions and quantities. Assume the jet formed by the impact of the shells
has an initial length I of density p0 , the density of the shell walls, and

that subsequently the jet increases in length linearly with the difference
between the jet tip velocity "- and jet back velocity vb. We assume also

that the jet width increases from an initial value e with a velocity av(x)
where a is a constant equal to the angle of spread in jet material measured
in radians and v(x) is the forward velocity of the jet at any distance x
along the initial jet length. The density of the jet is assumed to decrease
inversely with the product of the fractional increase in width and local
stretching in length.

We assume a linear velocity gradient given at any point x by

v a vb + (vt - Vb)X/k (28)

where Z is the length of the jet at which tho density is that of the steel,
The time for material to reach any distance L will be referred to the time of
initial jetting (virtual origin of the jet at xw0). Thus,

t(x) - L/v(x). (29)

The jet element of length dx at x increases in length to dx' as of its
arrival at L as given by

dx' a dx + tdv (30)

Differentiating Eq. (28) to substitute for dv and using (29) to substitute
for t in (30) gives on integrating

x' = [I + C L/Cl + C x)]dx (31)

- Z, ÷ L ln(l + CIX)

where

C1 - (Vt - Vb)/9.Vb. (32)

This gives the length of the jet at any distance 1, from its origin.

18
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DONOR ROUNDS

HE HE
+ +

, J JET h

ds

Pl

ACCEPTOR ROUND

Figure 5. Schematic of the jet formed by simultaneously initiated artillery
shells and antifratricide panels of the type' shown in Fig, 2
defining the important parameters governing the interaction. Jet
tip and base velocities vt, Vb, width e, angular spread a;

initial length X and jet density p,' panel densities Pa' PbA Pc'

Pa" Pb" and oc, as well as the spacial configurational parameters,
c', h, d, d and L are shown, Density of the target is pt

19



The penetration of the unimpeded jet at L in a target (such as steel) of
density Pt must be calculated in terms of the density of the jet as it

arrives at the target. Since the jet initially forms a sheet of metal, its
density drops as it expands laterally, i.e., normally to the surface of that
sheet, and as it lengthens. Thus, we have for the density:

• /dx (33)

Pj~xit) "o e + av(x)t(x) (33)

1 e
1 + Clx/ e + 1vt

The penetration factor is ' Thus, without influence suppression

panels, the penetration P in the target at L will be

YC1 L +Px))p .fo, dx PJp 1 +-TI +C -- (34)

where we have included the penetration into the target L + P(x) as a

correction to more accurately give the distance to the target. This
correction is to be included in the expression for p as well, but only for

the longitudinal extension of the jet:

C C(L + PWx))" e
pj(Xpt) . p0  + -+- -x ) - (35)

This gives for the penetration into the target in the absence of suppressive
layers:

P~ -C~ ( L + lL+PX)) a 1/2L (36)fdx 1 -- + - l I "- (L6

where the notation Px means

~P/t~ x ( + T) 1  /2

Px P(x) - / f dx I + P1 1  a L)1/2(37)

We now calculate the effects due to the presence of two suppressive
structure panels through which the jet must pass before encountering the
target plate. Assume panel I consists of the three layers of thickness
a, c, and b as shown in Fig. 6. We have for the losses of jet length Ata

20



aa P+ Cl (h P a)-l/ 4 h)l/2 (38)

~~IT7~~~f a i (h+a+y 1 1c a dx I+ 1•+ (h + a (39)

L-A, -AL
a c

and

t-aL -12A

b dx 1 + b) + l b (h+a+c) (40)
1- cxa-111+- l (h

; t-ALb -+c x

where P., P., and P, are defined as the instantaneous penetration as in Eq,

(37). Th.e density p1 is from (20), the "effective" value

P1 . Pc(1 + 0) (41)

For jhih velocity jet penetration, stagnation point temperatures are high, so
that te efficiency n can be nearly unity. In this case (41) becomes

01 * C + k v 2(. fI)+f- ]' (41a)

which is to be solved recursively. The total loss in length passing through
panel 1 is therefore At1 where

At a Ata + A + Atb (42)

During the jet's penetration of panel 1, a shock builds tip in the jet
as shown in Fig, 4. When the jet exits panel 1, the rarefaction wave from
the newly formed free surface of the jet propagates into this region of
high pressure, disrupting the jet material. Let us obtain an approximate
expression for the loss of jet material due to this effect. There are two
cases to be considered. First, if the penetration is supersonic an amount
proportional (and approximately equal) to thu jet thickness is lost, iLe., and
amount kel, where k is a proportionality constant approximately equal to unity.
Since this should be expressed so that a zero thickness panel removes no jet
material we will write for the loss length
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"Y ke 1 / [1 + elPj /(apa + bPb + cp 1 )] (43)

where e1 is the jet width given in terms of the initial width by

eI -e/[1 + A (h + a +b+ c)) (44)e

and Pi is the density of the jet on exit from the first panel. In this

length yI, shocks of pressure p, given by

Pipij

1 v (45)Pl 2•V + /l)

where o, should be taken to be the average density within a mass columtl equal
to elyl, act on the mass column, In essence this means P1 Pb unless

b<<o or pb<<Oj, Also, Pjl should be taken to be the jet density at exit from
panel 1:

I1( C,(h+a~b+c)e
PJl 0 P0  + e, .(L.ALI) (46)

Here v1 is the corresponding velocity at x - Z- AtI as given by Eq. (38).

Now the pressure p1 causes the jet to spread laterally and thus drop in

effectiveness against the next plate. This loss in effective length Ay1
is calculated from density considerations to be

AYl -Yl [1 - +(17 ad/e)/ (1 + af 1 d/e)"] (47)

where

av1fl 1 (48)
Qv1 I (pl/Pj i."

In the case of subsonic penetration of the panel, the shock zone in the Jet
will increase with penetration distance. However, the strength of, the
shock will decrease. Thus, TUq. (47) will serve as an approximation of the
jet length loss in that case as well. This length loss is equivalent to an
initial length decrement Ait given by
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r Cl(h + + b +c +d)i•:..,AyI dx + i+IX,(49)

At panel 2 the length loss is to be computed in the same fashion as for
the first panel. We have in the appropriate order:

9-W/b~ I t~+Ak 1 ) + C1 (L2 + P b' 1/2
b, d I + +, a/ L (50)

where

L2  h +a +b +c +d (51)

S1( l bI'+Ll ]121/2"C,~ t L+ P

i..c1 o/ dx 1 + I + CXL+b 1 (52)

Sand '(tA1 +tAQ~1 ')'b'- ' ,÷,pa) 1/2/j 1/2

S..r ,..(L..b','Paf 1 + Cx J + *" (L2+b'+c'):

l- ( + ' ) - A2 z0

"'" where

:2 A La + b + c (54)

As in the case for Eq. (41), we 2rite for p2

P C' (A + t ') - Pc 1 +k -2f -+- 1 ] . (5+)

,:• Again we calculate the effective loss in jet length due to shocks in the jet

"on exit from the second panel. Corresponding to Eq. (43) to (49) we have

SY2 ke 2 /[1 + e2 Pj2/(al°al + b'Pb, + c'P 2 )] (56)
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"with

e2 =e/[1 + • (L2 + a + c')]. (57)

The shock pressure P2 is

SP2 222 v 2  (58)
2( 2

where

"( IC(L2+a'+bI+c2) e
P J2 P0  + C 1 .- e+a(k-A" I- At 1 -A2. 27 (59)

and v is the velocity at x r Z-A 1 - 1 '-At 2 as given by Eq. (38). The spread

. in the jet produces the effective loss

Ay2  -Y2[l - (1 + ach'/e)/(1 + caf'h'/e) ] (60)

' where

S1/2 (61)

av2 + (p 2 /Pj

Therefore, A62', the effective loss in initial rod length due to the gap I'

is
- 1[ CI(L 2 +a, +b, +c, +h,)

Ay2 f dx 1 + 1 + " i (62)

k_([ 1 +6 C)AZ +Ax'

" Finally, the remaining rod material penetrates into the target a distance

1 d [ 2 CI(L+P'xj) 1/ (1 L (63)P p, = o dx 1l+ (63CIXI)

0
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VII. COMPUTATIONS

A computer code designated "Main" to compute Pt has been developed and is
given in Appendix A. This code has been used to compute shield effectiveness
curves. The effectiveness of a single homogeneous panel to suppress jet
induced influence is shown in Figs. 6-9. The nondimensional penetration (in
units of donor round radius) P' as a function of the nondimensional panel
thickness (also in units of donor round radius) is plotted for the case of
separation distance ds equal to 1.0 R (Fig. 6), 2.0 R (Fig. 7), 3,0 R (Fig. 8),

and 4.0 R (Fig. 9). The shield panel is taken to be equidistant between the
donor and acceptor rounds. Panel density pc is taken as a parameter for Figs.

6-9. Values of specific parameters have been taken to provide an optimum
fit to experimental data obtained from pipe bomb tests as disc'ussed below, 4

X-rays made during these pipe bomb tests were employed to obtain the jet
characteristic parameters' values. Specific values used are:

Jet Characteristics: p0 = 8.0 g/cm•

k.= 0.2

e =0.4
•. =0,1

Vt = 2.0 km/s

vb = 0.5 km/s

Target: Pt = 8.0 g/cm3

Other: k - 2.0

vs a 3.0 km/s

g = 0.0 and 0.209

The results obtained for the two values of g were neaily the same. The
values of jet characteristic parameters are dependent on the donor rounds
used. For rounds that do not scale to the approximate values of the pipe
bombs used in Ref. 4, scaling test should be made before the results of
Figs. 6-9 are used for applications. The curves offer no surprises, but
simply show that increased thickness and increased density both decrease
monotonically the penetration in an acceptor round. The curves can be used
to obtain the requirements to just stop a jet from penetrating into the
acceptor.
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DONOR ROUNDS

1.0R SHIELD

WITNESS PLATE

1.0

0.5 PC 0.3

- •.7

" 8.0 1. 0

0.0
0,0 0.5 1.0 1.5 2.0

C/R

Figure 6. Nondimensional penetration P'/R versus nondimensional shield
thickness C/R, where shield is placed at midpoint between donor
and acceptor rounds (or witness plate, as shown in inset) separated
by 1.0 R. Shield density pc is parameter for the family of curves.
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DONOR ROUNDS

FC
"2.0R I SHIELD

WITNESS PLATE1.0-

-0.5

- pc -0.3

8. .0 .5 0 0.1 05
0,0 0.5 1.0 1.5 2.0

C/R

Figure 7. Nondimensional penetration P'/R versus nondimensional shield

thickness C/R, where shield is placed at midpoint between donor

and acceptor rounds separated by 2.0 R. Shield density p. is a

parameter for the family of curves.
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DONOR ROUNDS

3.0OR I SHIELD

1.0L
WITNESS PLATE

>0. 5

00.0

0.0 0.5 1.0 1.5 2.0
C/R

Figure 8. N4ondimensional penetration P'/R versus nondimensional shield thick-
ness C/R, where shield is placed at midpoint between donor and
acceptor rounds separated by 3.0 R. Shield density pc is parameter
for the family of curves.
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DONOR ROUNDS

4.OR I 1 SHIELD

1.0

WITNESS PLATE

>0.5C. 0. .pc =-0.3

_ 0.5

0.0
0.0 0.5 1.0 1.5 2.0

C/R

Figure 9. Nondimensi.onal Penetration P'/R versus nondimensional shield
thickness C/R, where shield is placed at midpoint between donor
and acceptor rounds separated by 4.0 R. Shield density p is
parameter for the family of curves.

29



Figure 10 shows the results obtained for the nondimensional penetration
depth as a function of the separation distance D/R for two panels placed
symmetrically about the midpoint between the donor and acceptor (or target)
rounds. The result is obtained for several densities and for panels 0.53 R
thick (this corresponds to panels 1/2" or 1.27 cm thick in the pipe bomb
experiments). Separation between donor and acceptor rounds is taken to be
4.0 R in these calculations. These curves show that the penetration versus
separation distance drops as the separation increases, This is easily under-
stood as an effect of jet elongation with travel distance. As a result, it
is concluded that for a fixed amount of buffer material it is better to separ-
ate the material into two panels placed close to or against the shells. Fig-
ures 11-14 incorporate the optimum shield material distribution, i.e., separ-
ation of the shield material, into two panels as indicated by the results shown
in Fig. 10. Comparison with Figs. 6-9 shows the improvement afforded by such
an arrangement of shield material, Note that the curves in Figs. 6-9 give the
same value at zero total shield thickness and for shields completely filling
the donor-acceptor round gap as the corresponding curves in Figs. 11-14, At
points in between, however, the curves in Figs. 11-14 dip below their counter-
parts in Figs. 6-9. These results show that the improvement noted in Fig. 10
as to the optimum placement of shield material under the symmetry constraint
is general,

Figure 15 gives data showing that a further improvement in buffer material
efficiency is achieved using a "foam" (a low density material) filling the gap
between the shells, The curve gives the penetration as a function of the den-
sity of the "foam" buffer filling the entire gap. It is seen that the pene-
tration in the target plate is zero at a density of about 0.21 g/cm3 for a gap
of 4.OR. This is equivalent to a 1.05 R thick panel of density 0.80 g/cm3

which placed at the midpoint will not protect the target plate (penetration
P'/R-0,15); divided into two 0,525 R thick panels the penetration is P'/R-O.13.
Therefore, the best panel design appears to be a low density "foam" filling
the available gap,

VIII. COMPARISON WITH EXPERIMENTAL RESULTS

An extensive series of shield tests using 4,82 cm (1.9") diameter pipo

bombs has been run employing a wide variety of shields. The data obtained
in those tests has been used to validate the "Main" code. Figure 16 shows
a comparison between the experimental and theoretical code results. In Fig.
16 the penetration depth (maximum depth in the target plate) is used for the
ordinate while the individual test code numbers (these are the same code
numbers used to designate the tests in Ref. 4) are listed along the abscissa.
The order of the tests listed along the abscissa is not important. As listed,
however, they imply a decreasing function of penetration with increasing
shield material. Beneath each entry is a small picture indicating the test
arrangement of the shield along with the shield thickness in Mm together with

symbols indicating shield materials used, Additional test details may be
found in Ref, 4. All tests employed Comp B filled 4.82 cm diameter pipe bombs
IS cm in length placed 4 radii above a steel witness plate. The reference
case shows the results for no shield between the two pipe bombs and the

witness plate. The error bars (obtained from the test data for three shots)

indicate the considerable variability of the results obtained in these tests,.
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DONOR ROUNDS

0.53 R
0.5 -. O*D

4.0 R D

pc20.5 g/c_0.53R
0.4 T

WITNESS PLATE
. 0.3 (WALLBOARD)

0.2

0.1

0.0 
,

0.0 1.0 2.0 3.0

D/R
Figure 10. Nondimensional penetration P'/R versus nondimensional panel

separation distance D/R for two symmetrically placed 0.53 R
thick panels in a 4.0 R space between donors and target plate for
various panel densities. The inset shows the geometry. Those
results indicate that if symmetry must be maintained in packaging,the best placement of shield material is midway between donor and
acceptor rounds.
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DONOR ROUNDS

R

1.0R RSHIELD

C'
WITNESS PLATE

1,0

QC

Um

0.5

PC '0.3

0.5
0.7

0.0 0.5 1.0 1.5 2.0
(C+C')/R

Figure 11, Nondimensional penetration P'/R versus nondimensional total
shield thickness (C + C')/R, where the shield consists of two
panels symmetrically placed about the midpoint, one against the

"d6nor rounds, one against the acceptor rounds (or witness plato,
as shown in the inset), Donor-acceptor separation is 1.0 R.
Shield density pc is parameter for curves,
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DONOR ROUNDS

R+

2.0 R SHIELD7A-
1.0 WITNESS PLATE

Z~0.5

PC 0.3

0.0 _

0.0 05101.5 2.0
(C+CV)/R

Figure 12. Nondimensional penetration P'/R. versus nondimensional total shield
thickness (C 4, Cl)/R, where the shield consists of two panels
symmetrically placed about the midpoint, one against the donor
rounds, one against the acceptor rounds (or witness plate as

* shown in inset). Dono"-acceptor separation is 2.0 R. Shield
density p c is parameter for curves.
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DONOR ROUNDS

3.0 R 

SHIELD

C,

1.0

*-" 0,5

Pc 0.3

0.0

0.0 0,5 1.0 1.5 2.0

(C+C') /R

Figure 13. Nondimensional penetration P'/R versus nondimensional total shield
thickness (C + C')/R, where the shield consists of two panels
symmetrically placed about the midpoint, one against the donor
rounds, one against the acceptor rounds (or witness plate, as
shown in inset). Donor-acceptor separation is 3.0 R. Shield
density nc is parameter for curves,
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DONOR ROUNDS

R

C

4.0 R SHIELD

1.0

N WITNESS PLATE

~0.5

pc x0.3

0.0
0.0 0.5 1.0 1.5 2.0

(C+C')/R

Figure 14. N6ndimensional penetration P'/R versus nondimensional total shield
thickness (C + C')/R, where the shield consists of two panels
symmetrically placed about the midpoint, one against the donor
rounds, one against the acceptor rounds (or witness plate as
shown in inset). Donor-acceptor separation is 4.0 R. Shield
density P. is parameter for curves.
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1.0

0.9

0,8

0.7

0.6
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0.4

0.3

0.2
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0.0
"0.0 0.1 0.2 0.3

Pc (g/cm 3 )

Figure 15. Nondimensional penetration versus density of shield material for
a "foam" filling the space between the donor rounds and target
plate (acceptor round3) for a gap of 4.0 R,
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In tests 26T and 30B Detasheet was employed betwoen thin sheets of steel
to form the shield. The code computed shielding assuming both detonation of
the Detasheet and no detonation. The results assuming no detonation are seen
to agree satisfactorily with the observed results. At the right side of Fig.
16 are located all the tests in which a shield panel is placed against the
donor rounds. It will be noticed that these six tests yielded the best
shielding (least penetration into the witness plate) results. This is in
general agreement with the predictions of che code as indicated by the results
in Fig. 10. Overall the theoretical results given by the code correspond well
with the experimental results in Fig. 16. (The reader should keep in mind

* that in some cases the penetration data is a measurement taken for two or
three fragment craters in the witness plate that may be no more than 2-3 mm in

* diameter.) The experimental data must be regarded as having significant error
bars reflecting the variability of these test results. Within these limita-
tions, therefore, the model works well.

The results obtained in matching the experimental and theoretical data
indicated that the effects observed were due to the mass column of shield
material, and placement of that material alone. The code indicated no signi-
ficant effect due to tho use of hydrates in the shield. Several shots to test
this hypothesis have been carried out by G. Gibbons 4 . In these shots equal
mass columns of steel, aluminum, plaster, and water were used as shields.
Damage to the witness plates was almost identical in these four shots, although
in the shot using steel for the shield, the shield material itself produced
some pitting in the witness plate (these pits were located to either side of

,. the area usually damaged by the jet from the donor rounds).

IX. CONCLUSIONS

If two neighboring artillery shells in an ammunition pallet are simul-
taneously detonateda high velocity metal jet is formed that can detonate
other neighboring shells, even if these shells are protected by a significant
thickness of armor (for example 15 cm of aimor can be penetrated by the jet
from two simultaneously detonated 155 mm HE artillery rounds). Equations to
model the interaction of shield panels with such jets have been derived and
employed to write a computer code to calculate penetration depth of the jet
after passing through up to two panels consisting of sandwiches of up to three
layers of material. In the code one layer in each panel (the middle layer in

- three layer panels) can consist of an explosive or a hydrated material that
may be activated to yield enhanced pressures under the shock loading of the
jet.

Computations using the code have indicated:

"(1) The primary effect produced by inert or hydrated materials depends on
the mass column of material in the panel and panel placement. Water of hy-
dration produces only minor effects.

(2) The optimum placement for the shield panel to suppress jets is
* against the donor shells.
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"(3) Under symmetry requirements (i.e., where all shells must be equally
shielded) the best placement employs two shields of equal thickness, one
against the donor, one against the acceptor rounds.

(4) Use of explosive material sandwiched in the shields can significantly
enhance the effectiveness of the shields. (Such material, however, may
enhance impact shock initiation.)

(5) The best symmetric shield design (minimum weight basis) for inhibiting
fratricide jets would employ a single panel filling the entire available
space between donor and acceptor rounds with the lowest density material
capable of inhibiting the jet (as given by the curves in Figs. 6-9) in the
available space.
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PROGRAM MAIN( INPUT# OUTPUTP TAPE soINPUTpTAPE6uOUTPUTv TAPE9) MAIN2
DIMENSION GG(20)p DDC20)t RRHO(20) MAIN 3

11 OIMENSION LAB(4), PLC1501,o PLPP(50) MAIN 4

C MAIN 7
1 FORMAT(W GAP *'#Ell.4#/) MAIN 8
2 FORMAT(3XvIICC n '',Il0p4Xp 'PLC w'.E11.4w3XvIPLPP *",tolI.4, I) MAIN 9
4 FORMAT(A10) MAIN 10
5 FORMATCAl0,1OX,'ILL N',I5) MAIN 11

10 FORMAT(IH1) MAIN 12
15 FORMAT(1H0) MAIN 13
20 r-ORMAT(VE10.3) MAIN 14
25 FORMAT (I5) MAIN 1s
30OfORMAT(4X,'A *1,E11.4p6Xv'B ntpfl1.4v3X,#IBP 81PE11*4#5XPIAP u',El1 MAIN 16

1.4o6XP'C uI',E11.4PfXPICP wIE11.4v/p4XeiD uqEllo4ol RADIUS u',Ell MAIN 17
2o4,6XPIH *',11.4P3X,'I'P *',E11.4*5X#IAL *',~11.4p3X,'RHOZ -IPEl1. MAIN le
34pI,4XP,"E 8voE1l.4v5Xv'VT *',E11.4,5XPIV8 m*'E11.4o2X,'ALPHA u'PE1 MAIN 19
41,4064,RHOT oIPE11.4v3XP*RHOA *',E11.4vflXP4RHOB *'eE11,4o3XRH MAIN 20
5oC *IoE11.4,2XPIRHOAP u',El1.4p2X,@'RHOBP *'.11ol.4*2XvIRHOCP -IjEll MAIN 21
6o.4,6XPIG v',E11.4PfP3XPIVS *',I1.~l4PXpIAK a*-;Ell94p5Xp,HF *',E11. MAIN 22
74-, /) MAIN 23

40 fORMATC5X,'P *',E11.4-p5XvIC1 *',E11.4P3XPIBETA mIPEl1l4) MAIN 24
50 FORMATC1H PI CAPL xI,'El1v.4P5Xp'PA *'eE11.4PfXv1PB *'pE11.4o5XPIPC MAIN 29
l.IE11.4v5XP1V1 *',E1I.4P3X,'RHOP *',El1.4,I..' RHOI w~,114EIo,2X*, MAIN 26
2RHOJ1. -2vE11.4P3X,"PRES a' ,E11.4) MAIN 27

60 FORMAT( sXIF z'IvElle4p 5X,'Y1 a ',E11.4s2XP DELY1 *'#E11.4o 5Xov P2 o' MAIN 28
1,Et1.4#1 DELL1IP *',E11.4) MAIN 29

62 FORMATC' RHO2 *',Ell.4) MAIN 30
70 FORMAT(3XPIPBP w',Ell*4v5Xm'BP v'IjElI,4,' DELLBP I*'E11.4) MAIN 31
80 FORMAT(4XvIY2 uIPE11.4P5XPIV2 m'.Ello4,3X*1PRES N',E11,496X,'F w', MAIN 32

1Ell*4pZX,'D`ELY2 N',E1I.4,SX,'P4 a',E11.4o/v' DELL2P -IpE11l.4v5XP'F MAIN 33
2P m'.Ell,4) MAIN 34

162 FORMAT(1H p"DELLA u',E11.4,' DIELLB *',E11.4,' DELLC w',El1.4) MAIN 35
90 FORMAT(4X, 'PPalt 'Ell .4p2XP IDELL1 NIP,EllIo49t DELLI P m ',f11 .4p 2XvDE MAIN 36

1LL2 -1',E11,4,' D`ELL2P m',El1.4v3X*IPPIN ma',E11.4) MAIN 37
92 FORMAT(lH mIDFLL1 u'PE11.4) MAIN 38
94 FORMAT(3X,'PCP -IP`Ell.4,SXPICP -1-,E11.4,' DELLCP w',E11.4) MAIN 39
96 FORMAT(3X, 'PAP w`IvE11.4,5XWAP NIPE11*4#0 DELLAP w',E11.4*2Xv'DELL MAIN 40

12 *u',E11.4) MAIN 41
98 FORMAT(4 RHOPP *',E1l.4,2X,'RHOJ2 *',El1.4j,5X,'V2 *',E11.4) MAIN 42

C MAIN 43
C **CALCULATIONS MAIN 44
C MAIN 45

CVH20 x 2.0071E7 S CV e* 78E6 S VOET a 7.0E9 MAIN 46
WRITEC 6#10) MAIN 47
BX w 1.0 $ BY a 1.0 MAIN 48
LAB(l) m 10H TON'IHMA $ LAB(2) a 10H X5742-309 MAIN 49
LAB(3) - 10H PLOT S LAB(41 a 10H SCOOP MAIN 50
XPAGE a 8. 0 t YPAGE a 890 MAIN 51k-.CALL PLT9EG(XPAGEYPAGEP,10,9,LAB) MAIN 52
CALL PLOT( BXPBYP-3) MAI N 53
BX - 0.0 S BY - 0.0 MAIN 54
CALL FACTOR(0.3) MAIN 55

C DO 3000 IC -1,.2 MAIN 56
0O 3000 IC a 2,2 M4AIN fj7
READ(59 20) A, Bo BP, AP, CP, RADIUSt HPP ALP RHOZY Ey VT* VO, MAIN 35
1 ALPHA, RHOT, VSP AK, HF MAIN 59
A a 0.0 $ B - 0.0 S AP a 0.0 S SP m 0.0 S CP m 0.0 $ HP Oa0. MAIN 60
RADIUS a 1.0 S AL a 0.2U S -E * 040 MAIN 61
READ(!,25) ICOUNT MAIN 62
RFAD(5-P4) TITLE MAIN 63
DO 700 LIL 1PICOUNT 43MAIN 64



WRIIE(6,5) TITLEi LL MAIN 65
WR'ITE(6p1S) MAIN 66
R:EAD(5*20) C, Do H. RHOA. RHOB* RHOC, RHOAP9 RHOBP, RHUCPP G MAIN 67
READIS20) (GG(11pEl,2) MAIN 69
READ(5#20) (RRHO(I),Iu109) MAIN 70
DO 680 IG w 1P2 MAIN 71
G a GG(IG) MAIN 72
00 670 I'D a 1P4 MAIN 73
CALL AXIS(0.0.0.O,4HC+CP-4AplO.O0O.OO.O#. . 2) CORRB 1
CALL AXIS(0.C,*O.O2HPP,2, 10.0p90.O00.0.OO2) MAIN 75
GAP u FLOAT(ID) MAIN 76
DO 660 IRHO - 1,9 MAIN 78
RHOC u RRHO(IRHO) MAIN 79
RHOCP a RHOC CORRB 2
• aCC " 0 MAIN so
DO 655 ICC • 1941 MAIN 81
C m (ICC-1) $ 2.0 , 40.0 MAIN 82

.r:(C EQ. 0.0) C a 0.001 MAIN 83
IF(C ,GT* GAP) GO TO 655 MAIN 84
C w C I 2.0 $ C1 m C CORRB 3
D v GAP ,. C - CP CORRB 4
H a 0.0 $ HP m OO CORRB 5
RHOA * 0.0 S RHOAP a 0,0 S RHOB S 0.0 S RHOBP * 0.0 MAIN 86
IFIG ,EQ. 0.209) HF a 5.T62E9 MAIN 87
IFIG ,EQs 0.290) HF w 5908649 MAIN 8B
II:(G .EQ, 1.0), HF a 3,33SE9 MAIN 89
IFIG .EQ. 0.260) HF a 3.33•9 MAIN 90
IFfIC .EQ. 2) HP • H MAIN 91
CAPL v RADIUS + H + A + 8 + C + D + AP + BP + CP + HP MAIN 95
C'l (VT-VB) I (AL*VB) MAIN 96
P • 0.0 MAIN 97
DX, AL/ 100.0 MAIN g8
X m DX I 2,0 MAIN 99
DO 100 I a lt99 MAIN 100
IF(RHOZ *EQ. 0.0 ,OR. RHOT 5E09 0,0) GO TO 150 MAIN 101
P w PA + (SORT(RHOZ/tRHOT)) DX (1.0+(C*$CAPLCI*P)/(1.0+C1*X))**$ MAIN 114

lO.1(I1.0+ALPHA*ECAPL/E) * 005 MAIN 103
X a X + X MAIN 104

100 CONTINUE MAIN 101
'.C 150 WRITIE(6P401 Po Clo BETA MAIN 106

150 CONTINUE MAIN 117
CAPLC a H + 0 + C 2.0 MAIN 120
PA a 0,0 MAIN 109
DX - AL f 100.0 MAIN 110
X m AL - DX f 2.0 MAIN 124
00 200 I m 1.99 MAIN 112
IF(RHOZ .EQ. O.O OR. RHOA 0EQs OaO) GO TO 105 MAIN 11.3
IPA a PA + (SORT(RHOZ/RHOA))eDX$(1.0÷(Cl*H+CI*PA)/(I.O+CISX))$$O.S/ MAIN 114

1 (1.0+ALPHA*H/E) $$ 0*5 MAIN 115

X w X - DX MAIN 112
TF(PA ,GEe A) GO TO 21i0 MAIN 117

C2*00 CONTINUE MAIN 118
C210 DIELLA R AL - X MAIN 119
"PC a 00 MAIN 120BETA •1.0 MAIN 1L21

"";CAPVS •5s0E5 MAIN 122

D" X w (AL.-DELLA) / 100,0 MAIN 123
• .'X - (AL-DELLA) - DX / 2.0 MAIN 124*

00 •,'D 220 1 a loq MAIN12
K F(RHOC .EQ, O*O) GO TO 1050 MAIN 126)

.,.. .C MAIN 127
I-.' C $$NEGATIVE BETA FOR DETONATION LAYER, MAIN 128
["' C $$INCLUDES PRESSURE DROP WITH EXPANSION. MAIN 129

L-'.. •44... C MAIN 130



IF(G *LT. 0.0) BETA *1.0 -G *(C/(C4.PC*VDET/CAPVS)) I (0.5*RHOC* MAIN 131
IRHOZ*VT*VT/( CSQRT(RHOC)4SQRT(RHOZ))**21) MAIN 132
!F(BETA .LT. 0@0) BETA a 0.0 MAIN 1.33
Ir-CG .LT. 090) GO TO 1050 MAIN 134

RO - RHOJ I RHOC MAIN 136
V1 a VU + (V T- B)I * X / AL MAIN 137
CAPVS w VJ / (1.0+SQRTCRHOC/RHDJ)) MAIN 138
DGREEK a 2.0 * G * HF f CAPVS**2 MAIN 139
AKK a 1.0 MAIN 140NIF(G .GT. 0.0) AKK - 1.0 Y710(.-)CFGCH0)MI 4

C IF(G .,EQ. 1.02 GO Ta 1000 MAI~N14
STIEMP v (0.5*RHOJ*RHOC*VJ*VJ/(2.0*(SQRT(RHOJ)440RT(RI4OC))**2)) / (MAIN 143

it.0-G)*CV) MAIN 144
ZF(TEMP @LI. 373.0) GO TO 1000 MAIN 145
GO TO 1010 MAIN 148

1000 TEMP w 373.0 MAIN 14?
1010 WORKEF a (TEMP-373.0) /TEMP MAIN 145

GAM *WORKEF * AKK MAIN 149
TFAC *1.0 - (GAM/RO) *(1.0-GAM/RO) *(1,0-DGREEK) MAIN 150
VF(TFAC sLE. 0.0) GO TO 1030 MAIN 151
GO TO IC40 MAIN 152

1030 BETA m 1.0 MAIN 153
GO TO 10D0 MAIN 154

1040 V a (1.m0-SQRT(TFAC)) I (1.0-GAMI9RO) MAIN 1s$
FRHO a SORT(R(3) MAIN 156
FRHO a (FRHO*FRHDOPRHO-1.O) / (1.0+FRHO) MAIN 157
BETA a 1.0 I (1.0+GAM*(V*V*FRHO-DGREEK)) MAIN 158
'XF(BETA .LT. 0.0) BETA a 0.0 MAIN 119

%ol5u RHOI - BETA * RHOC MAIN 160
7F(RHO1 #LT, RHOC) RHOl w RHOC MAIN 161
IF(RHOZ .EQo 0.0 'OR. RHO1 *EQ* 0.0) GO TO 230 MAIN 162
PC a PC + (SQRT(RHOZ/RHOl) ) *DX * (1*0+(CI*(H+A+PC) )I(te.+C1*X) 2 MAIN 163

1**0.5 Y (lo04ALPHA*(H+A)/E) 4* 05 MAIN 164
X m X - DX MAIN 165
IF(PC sGE. C) GO TO 230 MAIN 166

220 CONTINUE MAIN 167
230 OELLC a AL - DELLA - X MAIN 168

PB a060 MAIN 169
DX a (AL-OELLA-DELLC) /100.0 MAIN 170
X m (AL-DELLA-DE LIC) OX 1 2.0 MAIN 171

*00 240 1 a 1,99 MAIN 172
'IF(RHOZ .EQ. 0,0 sOR, RHOB oEQ. 010) GO TO 250 MAIN 173
PB a PB + (SORT(RHOZ/RHOB) 2 * DX *(1.0+(Ct*(H4-A+C+PBfl/(160+Cl*X) MAIN 174
1)*0 1 (1,O4ALPHA*(HeA+C)/E) ** 0.5 MAIN 175
X w X - DX MAIN 176
If-(PB .GF* B) GO TO 250 MAIN 177

*240 CONTINUE MAIN 178
250 DELLS a AL. - DELLA - DELLC - X MAIN 179

DELIl a DELLA + DELLB + DE LLC MAIN 180
* C WR!ITE(6s92) DELLI MAIN 181

C WR'ITE(6pa2) DELLA, DELLS# DELLC MAIN 162
RHOJI * RHOZ * E / ((1.04CI*(H+A+B.C)'i(1,0.C1*(AL--DELL~I)) *(E+AL MAIN 163

IPHA*(AL-DELL1))) MAIN 144
*El m E I (16O4ALPHA*(H+A+B+C)/E) MAIN 185

QCOL a AK * El * RHOJI MAIN 186
RCOL a RHOB * B MAIN 187

*IS aB MAIN 188
D1E a 8 MAIN 189
RHOP - kHOB MAIN 190
'IF(QCOL .LE. RCOL) GO TO 260 MAIN 191
RCUL a RCOL + RHOC *C MAIN 192
DISS - DISS + C 45 MAIN 193
DlIE C MAIN 194

- ............ ..



RHOP , RHOC MAIN 195
IF(QCOL ,LE. RCOL) GO TO 260 MAIN 196
RCOL a RCOL + RHOA * A MAIN 197
DISS a DISS + A MAIN 198
DIS a A MAIN 199
RHOP a RHOA MAIN 200
IF(QCOL',LE. RCOL) GO TO 260 MAIN 201
IEF(A+B+C ,EQ. 00 GO TO 253 MAIN 202
RHOP a RCOL / (A+B+L) MAIN 203
GO TO 251 MAIN 204

253 RHOP a 0.0 MAIN 205
255 GO TO 270 MAIN 206
260 "ITIRCOL ,EQ, OO) GO TO 265 MAIN 20?

:F - (QCOL-RCOL) I RCOL MAIN 208
GO TO 267 MAIN 209

265 T-F a 0.0 MAIN 210
267 RCOL - RCOL - RHOP * 0I1 * FF MAIN 211

DISS a DISS -D * Ff MAIN 212
IF(DISS oEQ. 0.0) GO TO 268 MAIN 213
RHOP a RCOL I DISS MAIN 214
GO TO 270 MAIN 215

268 RHOP m 0,0 MAIN 216
270 CONTINUE MAIN 217

VI w VB + (VT-VB) * (1,0wDELL1IAL) MAIN 218
PRES a 0.! * RHOP * RHOJ1 * VI * VI / (SQRT(RHOP)+SQRT(RHOJ1))**2 MAIN 219

C WRITE(6P5O) CAPLD PA, PB, PC# VIP RHOPo RHOlo RHOSIP PRES MAIN 220
F - 1.0 F (1,O÷(SQRr(PRESfRHOJI))Y(ALPHA*V1)) MAIN 221
7'F(IA*RHOA+B*RHOB+C*RHOI) .*1. 0,0) GO TO 274 MAIN 222
Y1 m AK * El * RHOU1 f (1,0+E1/(A*RHOA÷B*RHOB+C*RHO1)) MAIN 223
GO TO 276 MAIN 224

274 Yi - OO MAIN 225
276 DELY1 m -Y1 * (1.0-SQRT((1,0+ALPHA*D/E)I(1,0+ALPMA*F*DtE))) MAIN 226

P2 a 0.0 MAIN 227
CAPL2 a H + A + B + C + D MAIN 228
DX " (AL-DELLI) 1 100.0 MAIN 229
X w (AL-DELLI) - DX / 2.0 MAIN 230
DO 300 1 - 1,99 MAIN 231
P2 - P2 + DX * (1,O+C1*CAPL2/(1.0÷CI*X)) MAIN 232
X a X - DX MAIN 233
IF(P2 .GE. DELY1) GO TO 310 MAIN 234

300 CONTINUE MAIN 235
310 DfELL1P v AL - DELL1 - X MAIN 236

C WRITE(6#60) Fy YI, DELYlP P2# DELLIP MAIN 237
C WRITE(6b62) RHO2 MAIN 238

PBP 0 0.0 MAIN 239
OX • (AL-DELLI-DELLIP) / 100.0 MAIN 240
X * (AL-DELLI-DELLiP) - DX 1 2.0 MAIN 241
DO 400 I m I199 MAIN 242
IF(RHOZ ,EGQ* 0,0 .OR* RHOBP .EQ, 090) GO TO 410 MAIN 243
PBP w PBP + (SQRT(RHOZ/RHOBP)) * DX l 1oO+(C1*(CAPL2+PBP))I(i,04C MAIN 244

1'1*X)) ** 0.5 / (I.0+ALPHA*CAPL2/E) ** 0.5 MAIN 245
X a X - DX MAIN 246
IF(PBP .GE. BP) GO TO 410 MAIN 247

400 CONTINUE MAIN 248
410 DELLBP a At. - DELL% - DILL1P - X MAIN 249

C WR'ITE(6#70) PBPo BP, DELLBP MAIN 230
PC1) a 060 MAIN 251
BETA a 1.0 MAIN 252
DX - (AL-DELL'i-DELLIP-DELLBP) / 100.0 MAIN 253
X * (AL-DELLI-DELL1P-DELLBP) - DX / 2.0 MAIN 234
DO 420 1 - 1,#99 MAIN 255

C MAIN 256
C *** NEGATIVE BETA POR DETONATION LAYER. MAIN 257L" c *** INCLUDES PRESSURE DROP WITH EXPANSION MAIN 258

I . --- - - - . . . .



C MAIN 259
IF(Rt4OCP sEQ, 0.0) GO TO 2050 MAIN 260
IF(G .LT. 0,01 BIETA - 1.0 - G * CP/(CP+PCP*VDET/CAPVS)) 1 (0.5* MAIN 261
I RHIOCP*RHC1Z*VT*VT/((SQRT(RHOCP)+SQRT(RHOZ))**2)) MAIN 262
IF(BETA eLT. 0.0) BETA a 0.0 MAIN 263
7( .LT, 0.0) GO TO 2050 MAIN 264
RHOJ a RHOZ * E / ((E+ALPHA*ICAPL2*BPfl*(1.0+Cl*(CAPL2s8P+PCP)/(1. MAIN 265

104.C1*X))) MAIN 266
RO a RHOJ / RHOCP MAIN Z67

V8 VB + (VT-yB) * X f AL MAIN 268
CAPVS a VJ I (1.0+SQRT(RHOCP/RHCJ)) MAIN 269
OGREEK - 2.0 * G * HF / CAPVS**2 MAIN 270
AI(K m 1,0 MAIN 271
IF(G .GT. 0,0) AKK m 1,0 / (1.0+(lo0-G)*CV/fG*CVH2O)) MAIN 272

C IFCG sEQ. 1.0) GO TO 2000 MAIN 273
TEMP a CO,5*RHOJ*RHOCP*VJ*VJ/(2.0*(SORT(RHOJ)+SQRT(RHOCP))**2)) /MAIN 274
1 ((100-G)*CV) MAIN 275
IF(TEMP .LT. 373.0) GO TO 2000 MAIN 276
GO TO 2010 MAIN 277

2000 TEMP m 373.0 MAIN 278
2010 WORKEF v (TEMP-373*0) /TEMP MAIN 279

GAM *WORKEF * AKK MAIN 280
TFAC u1.0 - (GAMIRO) *(1.0-GAM/RC) *(1.0-OGREEK) MAIN 211
IF(TFAC .LEe 0.0) GO TO 2030 MAIN 282
GO TO 2040 MAIN 283

2030 BETA v 1.0 MAIN 284
GO TO 2050 MAIN 285

2040 V m (1.0-SQRT(TTFAC)) /' (1.0-GAM/RO) MAIN 286
FRHO a SORT(RO) MAIN 2157
FRHO a (FRHO*VRHD+FRHD-1.0) / (1.0+VRHO) MAIN ?88
BETA a 1.0 / lloO*GAM*(V*V*T-RHO-DGREEK)) MAIN 209
IF(BETA .LT. 0.0) BETA w 0.0 MAIN 290

2050 RH02 a BETA * RHOCP MAIN 291
IF(RHO2 .LT, RHOCP) RHO2 a RHOC? MAIN 292
IF(RHOZ *TO*. 0.0 .OR* R402 .80. 0.0) GO TO 430 MAIN 293
? * PCP + (SORT(RHOZ/RHO2)) * OX * (1.0+Cl*(CAPL2+BP4PCP) /(1.0 MAIN 294,

1.C'1*X)) ** 0.5 / (1.0O+ALPHA*(CAPL2+BIP)/E) ** 0.5 MAIN P95
X m X - OX MAIN 296
Ir-(PCP oGE. CP) GO TO 430 MAIN 297

420 CONTINUE MAIN 298
430 OELLCP m AL - DELL'1 - DELLiP -DELLOP -X MAIN 299

C WRTTE(6)94) PCP-p CPo DELLCP MAIN 300
PAP m 0.0 MAIN 301
OX v t.AL-DELLl-DELLlP-0ELLBP-DELLCP) /100.0 MAIN 302
X - (AL-OELLI-DELLIP-DELLBP-DELLCP) -DX / 2.0 MAIN 303

4DO 440 1 a 1999 MAIN 304
IF(RHOZ .EQ. 0.0 sOR. RI4OAP EQ0. 0.0) GO TO 450 MAIN 305
PAP w PAP + (SQRT(RHOZ/RHOAP)) * DX * (1.0+CI*(CAPL2+BP#CP+PAP)I(l MAIN 306

I*1,+Cl*X)) ** 0.5 / (lo0+ALPHA*(CAPL2.BP*CP)/E) ** 0.5 MAIN 307
'X aX-ODX MAN308
IF(PAP oGto AP) GO TO 450 MAIN 309

440 CONTINUE MAIN 310
4450 DELLAP uAL - DELL1 - DELL IP - DELLBP -OELLCP X MAIN 311

DELL2 W ELLAP + DELLBP + DELLCP MAIN 312
C WR"ITS(6,96) PAP# APs DELLAP9 DELL2 MAIN 313

V2 m VB + (VT-yB) * (AL-OELL1-DELLlP-DELL2) / AL MAIN 314
'TF(AP4-BP+CP .EQ. 0.0) GO TO 451 MAIN 315
RHOPP a (AP*RHOAP*OP*RHOBP+CP*RHUCP) / (AP+BP+CP) MAIN 316
GO TO 452 MAIN 31?

451 RHOPP - 0.0 MAIN 318
452 RHOJ2 a RHOZ * E / (U(1.0+Cl*(CAPL2+AP4OP+CP)I(1.0.Cl*(AL-OELL1- MAIN 319

1DIELLlP-DELL2)))*(F+ALPHA*(AL-DELL1-DELLIP-DELL2)))) MAIN 320
E2 a EV (1.0+ALPHA*(CAPL24'AP+BP+CP)/El MAIN 321

44



RCOL u RHOBP *AP MAIN 323
DIS3s AP MAIN 324
DI5 A? MAIN 325
RHOPP a RHOAP MAIN 326
lF(QCOL .LE. RCOL) GO TO 460 MAIN 327
RCOL a RCOL + RHOCP * CP MAIN 328
011SS a DISS + CP MAIN 329
DIS a CP MAIN 330
RHOPP a RHOCP MAIN 331
'IF(QCOL *Lt. RCOL) GO TO 460 MAIN 332
RCOL a RCOL + RHOAP * AP MAIN 33.1
0JS3 a DISS + AP MAIN 334
07 aI AP MAIN 335
RHOPP a RHOBP MAIN 336
TFQO .L5. RCOL) GO TO 460 MAIN 347
Uf(AP+BP+CP *EQ& 0.0) GO TO 413 MAIN 338

*RHOPP m RCOL / (AP+BP+CP) MAIN 339
GO TO 495 MAIN 340

453 RHOP m 0.0 MAIN 341
460 G TFROL 470 MAIN 342
460 GO - RCOL`E,00 0T 465 MAIN 342

Ffa (QO-C~ CLMAIN 344
GO TO 467 MAIN 34b

485 FF a 0.0 MAIN 346
467 RCOL - RCOL - RHOPf * FF DIS MAIN 347

DISS a DI155--DI3 * FF MAIN 348
MOMIS .EQ, 0.0) GO TO 460 MAIN 349
AHOPP w RCOL / 0133 MAIN 330
GO TO 470 MAIN 351

468 RHOP m 0.0 MAIN 312
470 CONTINUI MAIN 353

PRE'S a 0.5*RHOPP*RHOM2*V2*V2/(IORT(RHOPP)+SQRT(RHOJ2))**2 MA'IN 354
* C WRIT5(6p98) RHOPPP RHCJ2# V2 MAIN 355

FP 1.0 1 (1.04'(SQRT(PRES/RHOJ2fl/(ALPHA*VZ)I MAIN 356
I!U(AP*RHOAPsBP*RHOBP+CP*RHODCP) .EQ. 0.l00 G TO 474 MAIN 357
Y2 a AK * E2 / (1,0.E2*RHOJ2/(AP*RHOAP.BP*RHOBP4CP*RHOCP)) MAIN 3D8
GO TO 476 MAIN 359

474 Y2 aOo0 MAIN 360
476 DELY2 a -Y2 * (1.0-SQRT((1.0+ALPHA*HPIE)/(1.0+ALPHA*FP*HPIE))) MAIN 361

*P4 w 0.0 MAIN 162
*OX m (AL-(DELL1+OELL1P*DELt 2)) // 100.0 MAIN 363

X w 99o3 * DX MAIN 364
DO0 500 1 w 1,99 MAIN 365
P4 w P4 + DX * (1.04C1I*CAPL/(1.04C+C*X)l MAIN 366
X * X - DX MAIN 367
IF(P4 *GE, DELY21 GO TO 510 MAIN 368

500 CONTINUE MAIN 369
510 DELL2P a AL - (DELL'1+DELLIP+DELL21 - X MAIN 370

C WRIITE(6v80) Y2P V2# PRES, Ft DELY2P P4, DELL2P, FP MAIN 371
pp 0.00 MAIN 372

DX a AL -(DELLl+DELLlIP+DELL2.DELL2P) MAIN 373
DX a DX /100.0 MAIN 374

4X aDX I2.0 MAIN 375
DO 600 1 a I,99 MAIN 376
TF(RHOZ .10. 0.0 .OR. RHOT .EQ. 0.03 GO TO 650 MAIN 377
PPaP + (SQRTCRHOZ/RIIOT)) * OX * (1.0+(Cl*CAPL+C1*PP)/(1*0+Cl*X) MAIN 378

1)**0.5/Io.+ALP14A*CAPL/E) ** 0.5 MAIN 379
XoX + OX MAIN 310

600 CONTINUE MAIN 381
PPIN m PP / 2.14 MAIN 382

650 CONTINUE CORRS 6
KP(C .GTs 2.0 .ORe PP .GT# 2.0) GO TO 655 MAIN 3M4
!IPCC a IPCC + 1 48MAIN 385

*PLC(ICC) aC + CP $ PLPP(ICC) *PP CORRi3 7



655 CONTINUE MAIN 388
PLC(IPCC4.1) - 0.0 MAIN 389
PLfP(IPCC+l) v 0.0 MATN 390
PLC(IPCC+2) a 0.2 MAIN 391
PLP1'(IPCC÷2) m 0.2 MAIN 392
CALL LINE(PLtvPLPe.*IPCCD1,0.OD) MAIN 393

660 CONTINUE MAIN 394
CALL PLTPGE MAIN 395

670 CONTINUE MA'IN 396
610 CONTINUE MAIN 397
700 CONTINUE MAIN 398

3000 CONTINUE MAIN 399
•TOP MAIN 400
END MAIN 401

4a

.I

I " -. . . ... -t



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

12 Administrator 1 Commander
Defense Technical Info Center US Army Aviation Research
ATTN: DTrIc-DDA and Development Command
Cameron Station ATTN: DRDAV-E
Alexandria, VA 22314 4300 Goodfellow Boulevard

St. Louis, MO 63120
2 Chairman

DOD Explosives Safety Board 1 Director
Room 856-C US Army Air Mobility Research
Hoffman Bldg 1 and Development Laboratory
2461 Eisonhower Avenue Ames Research Center
ATTN: Dr. T. Zaker tMoffett Field, CA 94035

Mr. IV. Queen
Alexandria, VA 22331 1 Commander

US Army Communications Rsch
Commander and Development Command
US Army Materiel Development ATTN: DRDCO-PPA-SAand Radinss Com~ndFort Monmouth, NJ 07703

and Readiness Command
ATTN: DRCDMD-ST
5001 Eisenhowor Avenue 1 Commander
Alexandria, VA 22333 US Army Missile Command

ATTN: DRDSMI-R
7 Commander Reds-tone Arsenal, AL 35898

US Army Armament Research
and Development Command Commander

ATTN: DRDAR-TDC US Army Missile Command
DRDARTSS ATTN: DRSMI-YDL
DRDAR-LCE, Dr. R.F.Walker Redstone Arsenal, AL 35898
DRDAR-LCE, Dr. N. Slagg
DRDAR-LCE, L. Avrami Commander
DRDAR-LCM, R. Rindner US Army Missile Command

ATTN: DRSME-RK, Dr. R.G. RhoadesDover, NJ 07801 Redstone Arsenal, AL 35898

2CommanderUS Army Armament Materiel Commander
Re sCommandeUS Army Tank Automotive Rsch

Readnes Comandand Development Command
ATTN: DRSAR-LC, L. Ambrosini And DDveLDRSAR-LEP-L ATTN: DRDTA-UIL

Rock Island, IL 61299 Warren, MI 48090
Director Director
US Army ARRADC0O4 US Army TRADOC Systems

sLaboratory Analysis ActivityBTnt DDApons ..TATTN: ATAA-SL, Tech Lib
WatT DRDlAR-128C�B.TLWhite Sands Missile Range
W~atervliet, NY 12189 N 80NM 88002

Commander
11S Army Electronics R 4 D Cmd
Technical Support Activity
ATTN: DELSD-L
Fort Monmouth, NJ 07703 51

I.,



DISTRIBUTION LIST

No, of No. of
Copies Organization Copies Organization

Commander 8 Commander
US Army Defense Ammunition Center Naval Surface Weapons Center

and'School ATTN: Mr. L. Roslund, R122
ATTN: SARAC-DEV, J. Byrd Mr. M. Stosz, R121
Savanna, IL 61074 Code X211, Lib

E. Zimet, R13
SCommander R.R. Bernecker, R13

US Army Research Office J.W. Forbes, R13
ATTN: Chemistry Division S.J. Jacobs- R10
P.O, Box 12211 K. Kim, R13
Research Triangle Park, NC 27709 Silver Spring, MD 20910

Commander 4 Commander
Office of Naval Research Naval Weapons Center
ATTN: Dr. J. Enig, Code 200B ATTN: Dr. L. Smith, Code 3205
800 N, Quincy Street Dr. A. Amster, Code 385
Arlington, VA 22217 Dr. R. Reed, Jr., Code 388

Dr. K. J. Graham, Code 3835
Commander China Lake, CA 93555
Naval Sea Systems Command
ATTN: Mr. R. Beauregard, 1 Commander

SEA 64E Fleet Marine Force, Atlantic
Washington, DC 20362 ATTN: G-4 (NSAP)

Norfolk, VA 23511
Commander
Naval Explosive Ordnance 1 Commander

Disposal Facility AFRPL
ATTN: Technical Library ATTN: Mr. R. Geisler,

Code 604 Code AFRPL MKPA
Indian Head, MD 20640 Edwards APB, CA 93523

Commander 1 Commander
Naval Research Lab Ballistic Missile Defense
ATTN: Code 6100 Advanced Technology Center
Washington, DC 20375 ATTN: Dr. David C. Sayles

P.O. Box 1500
Commander Huntsville, AL 35804
Naval Surface Weapons Center
ATTN: Code G13 1 Director
Dahigren, VA 22448 Lawrence Livermore National Lab

University of California
ATTN: Dr. M. Finger
Livermore, CA 94550

52



DISTRIBUTION LIST

No, of
Copies Organization

1 Director
Los Alamos National Lab
ATTN:' Dr. B. Craig, M Division
P.O. 8ox 1663
Los Alamos, NM 87544

1 Schlumberger Well Services
ATTN: Dr. C. Aseltine
5000 Gulf Freeway
Houston, TX 77023

Aberdeen Proving Ground
Dir, USAMSAA

ATTN: DRXSY-D
DRXSY-MP, H, Cohen

Cdr, USATECOM
ATTN: DRSTE-TO-F

Dir, USACSL, Bldg 3516, EA
ATTN: DRDAR-CLB-PA

53



USER EVALUATION OF REPORT

Please take a few minutes to answer the questions below; tear out
this sheet, fold as Indicated, staple or tape closed, rid ploce
in the mall.. Your comments will provide us with information 1or
Improvin'g future reports.

1. BRL Report Number

2. Does this report satisfy a need? (Comment on purpose, related
project, or other area of interest for which report will be used.)

3. How, specifically, is the report being used? (Information
source, design data or procedture, management procedure, source of
ideas, etc.) __,_,

44. Has the information in this report led to any quantitative
savings as far as man-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

"S. General Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:

Telephone Number:

"Organization Address:'


